Light passage through water is affected by suspended materials in water. Secchi depths are simply used for the measurement of water clarity, in other words turbidity. The purpose of the present study was to determine whether the turbidity trend in the Menai Strait, Wales, UK is a local or worldwide pattern by comparing Secchi depths in the Strait with the ones from Skomer MNR, Wales, UK and from L'Estartit, Spain. Therefore, the hypothesis that long term changes in Secchi depth are driven by long term changes in wind speed was tested using correlation and regression analyses. For the Menai Strait, a computer model based on the mathematical relation between turbulent kinetic energy and Secchi depth was constructed. There were significantly negative correlation between monthly Secchi depth-wind speed pairs of Menai Strait-Anglesey and Skomer MNR-Cardiff but no correlation between annual pairs of Menai Strait-Anglesey and L'Estartit-Barcelona. As a result, it was proposed that high turbidity in the Menai Strait could not be explained by only wind speed, moderate turbidity in Skomer MNR could be driven by moderate wind and clear water of L'Estartit could not be explained by wind speed. It was concluded that wind alone could not cause turbidity without suspended particles in water but if there was a source of suspended particles, the wind would make the water more turbid.
Introduction


The Menai Strait separating the Isle of Anglesey and the mainland of Wales, UK experiences elevated water turbidities. Long term turbidity trends in the Strait between 1961 and 1988 were studied by Lumb (1989; 1990) and then, Birkett and Maggs (2001) added Secchi disc data from 1989 to 1999. Seasonal variations were observed such that in winter (January, February, March) turbidity was highest, significantly less in spring (April, May, June), further decreased in summer (July, August, September, October) and significantly increased in early winter (November, December). Bowers (2006) Long term trends in turbidity have also been studied in other parts of the world such that decreasing trends in water clarity were seen in Omura Bay, Japan between 1945 and 1975 due to rapid industrialization and population growth (Iizuka, 1976) , in the Black Sea between 1960s and 1980s due to changes in food web (Zaitsev, 1992) and in the northern Adriatic between 1960 and 1982 due to increased phytoplankton biomass related to the Po River discharge (Justicet, Rabalais, Turner, & Dortch, 1995 (Johanessen & Dahl, 1996) and similarly in Narragansett Bay between 1972 and 1996 due to the introduction of waste treatment plants (Borkman & Smayda, 1998) . There were also reasons not related to anthropogenic activities. For instance, in Santa Monica Bay in the Southern California Bight an increasing trend in water clarity was observed between 1972 and 1987 due to long time-scale fluctuations in the intrusion of clear oceanic water into nearshore regions (Conversi & McGowan, 1992; 1994) . White, Gaffney, Bowers, and Bowyer (2003) correlated the annual variations in turbidity of the Irish Sea between 1987 and 1997 with regional wind strength and suggested that the turbidity in coastal seas was controlled by climate.
Previous studies for the turbidity trends in the Menai Strait suggested that the changes in meteorological conditions and the sediment regime, sediment erosion, the changes in particulate supply from external sources, sewage discharge, dumping in Liverpool Bay, nutrient enrichment and mariculture as cultivation of mussels could be the possible reasons (Buchan, Floodgate, & Crips, 1967; 1973; Kenchington, 1970; Thompson, 1974; Hiscock, 1976; Lumb, 1993) . However, recent studies showed that some of them could not cause turbidity. For instance, filter feeders coming from commercial mussel fisheries in the Strait did not have a major influence on turbidity and transportation of sediments and dumping of sewage sludge could also not be causes of the trends in the Strait due to the altered management practices by the Environmental Agency and the controls by the authorities (Birkett & Maggs, 2001 ). Finally, it was shown that the major factor of the turbidity trend in the Strait was not the anthropogenic input of organic material because the majority of the sediments were inorganic (Kratzer, Buchan, & Bowers, 2003) . Thus, the suggestion of the fact that the turbidity changes in the Strait were driven by the changes in climate has become stronger (Buchan et al., 1967 (Buchan et al., , 1973 Thompson, 1974 , Lumb, 1993 Kratzer et al., 2003; Bowers, 2006) in addition to the consistent storm index over British Isles from 1960s to 1990s of Alexandersson, Tumenvirta, Schmith, and Iden (2000) with Secchi depths of the Strait (Bowers, 2006) . The aim of the present study is to determine whether the turbidity trend in the Menai Strait is a local or worldwide pattern and to test the hypothesis of the fact that the long term changes in Secchi depth are driven by long term changes in wind.
Methods
Study Area and Data Sets
The Menai Strait which has been selected as a potential Marine Nature Reserve is a narrow and shallow strait in North Wales, UK. In the present study, monthly mean Secchi depth data of the Menai Strait between 1961 and 1999 was extracted from Birkett and Maggs (2001) were taken from web addresses as for Barcelona (1996 Barcelona ( -2004 and Cardiff (1996 Cardiff ( -2005 from weather underground webpage as daily mean data, for Loughborough (1994 Loughborough ( -2003 from Loughborough University climate data webpage as monthly mean data and for Gwynedd (1961 Gwynedd ( -2005 from BADC weather data webpage as hourly mean data.
Comparison of Turbidity Trends and Relation Between Secchi Depth and Wind Speed
The Secchi depths from the study area were compared by correlation analysis to determine whether turbidity trend in the Strait was local or worldwide pattern. Correlation and regression analyses were also performed to see the relation between Secchi depths and wind speeds. Then, a model designed by Bowers (2003) was used for better understanding of those relations. This model was based on turbulent kinetic energy (TKE) generated by tide and wind and was designed to be applied to a whole shelf sea area of the Irish Sea over time scales of a year or more. In this model, Bowers (2003) derived that for a well mixed water column in steady state, the homogenous concentration of fine suspended sediment is c = P/(g′hw s )
where
, W is wind speed and constant values were given in Table 1 .
In addition to this model, Kratzer et al. (2003) found the linear relation between the concentration of suspended sediment c (mg/L) and the Secchi depth in meters(Z SD ) for the Menai Straitas c = -3.09 + (17.9/Z SD )
Therefore, Eqs. (1) and (2) were combined to show that inverse Secchi depth in the Menai Strait is linearly related with the cube of wind speed
where a and b are constants, a = (3.09 + (γ (4 / (3π) k b ρ w U 3 /g′hw s ))/17.9 and b = γk s ρ a /17.9g′hw s . In the present study, the subsequent analysis was based on Eq. (3). In the computer model, Secchi depths of the Strait were calculated using observed wind speeds and constants a and b in Eq. (3) and then observed and computed Secchi depths were compared.
Results
In the study area, the Menai Strait had the highest turbidity By the analysis of possible relation between Secchi depths and wind speeds, significantly negative correlations were found for monthly data of Menai Strait-Gwynedd (r = -0.233, P < 0.001), Skomer OMS-Cardiff (r = -0.696, P < 0.001) and Skomer TRK-Cardiff (r = -0.779, P < 0.05) and also for annual data of Skomer OMS -Cardiff (r = -0.665, P < 0.05) ( Table 2 ). Negative correlation indicated that the more wind speed the more turbidity. For monthly Secchi depths of the Strait, there was no statistically significant correlation (P > 0.05) with other wind speeds which were in Cardiff and Loughborough but negative correlation with Gwynedd was clearly seen in Figure 2a . However, all correlations of annual Secchi depths of the Strait with wind speeds in UK, even with Gwynedd ( Figure 2b) were not statistically significant (P > 0.05). Annual Secchi depths of Skomer OMS did not give statistically significant correlations with wind speeds in Gwynedd and Loughborough. On the other hand, both monthly and annual Secchi depths of Skomer OMS are consistent with wind speeds of Cardiff (Figure 3) . However, there was no statistically significant correlation for annual L'Estartit Secchi data with Barcelona wind speeds (P > 0.05) (Figure 4) . When Eq. (3) was considered, regression analysis of inverse Secchi depths with the cube of wind speeds were obtained and very similar results were found such that for monthly data Menai Strait-Gwynedd and Skomer OMS-Cardiff pairs had R 2 values as 0.052 and 0.541, respectively and for annual data Skomer OMS-Cardiff pair had R 2 value as 0.459 (Table 2) .
For the Strait, computed Secchi depths obtained by the computer model using wind speeds of Gwynedd and the constants from Bowers (2003) and Kratzer et al. (2003) had no best fits with observed Secchi depths despite they were consistent with each other.
Discussion
Secchi depths are simply used for turbidity analysis. To compare the long term turbidity trends in the Menai Strait, there were Secchi depths from Skomer MNR, UK and L'Estartit, Spain. The only significant correlation which was negative was obtained between the Strait and L'Estartit. In other words, the decreasing trend from 1960s to 1980s and then the increasing one to the end of 1990s in the Strait were seen in reverse for L'Estartit in the period of 1975-2004. To explain the reason(s) of turbidity trends, wind speeds which were local to those three sites were used. Gwynedd, UK was the windiest site whereas the Strait had the highest turbidity. Cardiff, UK had moderate wind speeds while Skomer MNR had moderate turbidity. It was therefore expected that wind speeds in Barcelona, Spain were much less than the ones in UK since L'Estartit had very much clear water when compared to high turbidities of other sites. However, despite Barcelona had the smallest mean of wind speed, it was windier than expected whereas L'Estartit had the clearest water.
Likely, correlation and regression analyses indicated the Secchi depth and wind speed pairs such that Skomer MNR-Cardiff was statistically significant for both monthly and annual data, Menai Strait -Gwynedd was statistically significant only for monthly data but not for annual data and L'Estartit-Barcelona was not statistically significant. Based on the Eq. (3) as the combination of the model derived by Bowers (2003) and the Eq. (2) derived by Kratzer et al. (2003) , regression analyses of the Secchi depths and the cube of wind speeds also gave similar results. In addition, for the Strait there was no best fit between the observed Secchi depths and the computed ones obtained by the computer model using the Eq. (3).
Based on all those analyses, three different situations were concluded for those three pairs of Secchi depths and wind speeds. First, the clear sea water seen in L'Estartit was not driven by the local wind speed in Barcelona. Since there was insufficient amount of particles, the energy coming from wind and tide needed for the suspension was not crucial. Even with high wind speeds as seen in Barcelona, turbidity was therefore not observed in L'Estartit. Second, moderate turbidity in Skomer MNR could be explained by moderate wind speeds in Cardiff because the wind having enough energy could spin the particles in sufficient amount. Third, the Menai Strait had the highest turbidity which could not be driven only wind speed since the Strait had much more particles than the local wind in Gwynedd having energy needed for their suspension despite Gwynedd was very much windy. Therefore, in addition to the wind speed there would be other factors to explain this very high turbidity in the Strait.
When those three situations were generalized, it was claimed that high turbidity could not be explained by only wind speed and clear sea water, unlike moderate turbidity, could not be driven by wind speed. In further studies, computerized models like the one used in the present study as Eq. (3) were suggested for other sites.
